Growth on biosynthetic pathway intermediates has been a useful tool for molecular biology. In bacteria, growth on the histidine intermediate histidinol (an amino alcohol) has permitted the development of selections for suppressors, deletions, and transposition (19, 20, 23) . Since conversion of histidinol to histidine is the last step in the pathway of histidine biosynthesis, mutants with defects in earlier steps can grow on histidinol as the source of histidine. These histidine-requiring bacteria can transport sufficient histidinol to satisfy the internal histidine requirement. In Saccharomyces cerevisiae, by contrast, histidinol does not support the growth of a histidine auxotroph, even at extremely high concentrations. One possibility is that S. cerevisiae cannot transport histidinol.
The most likely systems to transport histidinol seem to be those normally used to transport histidine. In S. cerevisiae, histidine is transported via several different permeases, including the general amino acid permease (GAP) encoded by the GAP gene (10) and the histidine permease encoded by HIP] (7, 22) . The GAP system transports many different amino acids (10) , but HIP1 permease transports only histidine (22) . The arginine permease encoded by the CAN) gene takes up histidine with very low affinity. On media with proline as a nitrogen source, histidine enters through both the GAP and HIP1 permeases, but even on this medium, histidine auxotrophs fail to grow on histidinol.
We have discovered mutations in a new gene, holl, which permit the growth of yeast histidine auxotrophs on histidinol. These mutations confer the ability to transport histidinol from the growth medium. Our evidence suggests that histidinol uptake in these mutants is not a consequence of mutation in one of the genes known to affect histidine transport; holl is genetically distinct from the histidine uptake systems (GAP, HIP1, and CAN1). Mutations in holl also confer significant uptake of Na+ and hypersensitivity to * Corresponding author. a number of cations. The phenotypes of the HOLI mutations that permit growth on histidinol and the holl null mutation suggest that yeast cells acquire the ability to grow on histidinol by altering the specificity of an ion transporter.
MATERUILS AND METHODS
Media, strains, and plasmid constructions. YPD, YNB, and AA (YNB supplemented with all amino acids plus uracil and adenine) media and routine genetic techniques are described by Sherman et al. (21) . AA-his is histidineless medium. AA-ura is medium with no uracil. Yeast transformation was performed by the cation method (12) using lithium acetate. The yeast strains used in this study are described in Table 1 . The plasmids used in this study (see Fig. 8 ) were selected and propagated in Escherichia coli HB101 (5) .
Isogenic holl (wild type) and HOLI-I HOLI-101 (HOLI-1-101) strains R757 and R855, respectively, were generated by the method of integration and excision (24) . S. cerevisiae R853, containing the holl URA3 HOLI-1-101 duplication, was constructed by transformation of strain R757 to a Ura+ phenotype with a plasmid (pRG131-1) carrying the HOLI-1-101 gene. Recombinants of R853 without the plasmid sequences were obtained on 5-fluoro-orotic acid, which selects against Ura+ cells and permits the growth of Urasegregants (2).
S. cerevisiae R890 containing a deletion within the HOLI-1-101 gene was generated by the method of integration and excision (24) . S. cerevisiae R888 containing the HOLI-1-101 URA3 hollAl duplication was constructed by transformation of strain R855 to a Ura+ phenotype with plasmid pRG166-1. Cells that lost the plasmid sequences but retained the hollAl mutation were identified as mitotic Ura-Holsegregants of strain R888 as described above.
Plasmid pRG126-2 was constructed by subcloning the 
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followed by self-ligation and recircularization. Plasmid pRG130-1 was constructed by subcloning the 4.3-kb BamHIXhoI fragment from pRG126-2 into BamHI-SalI-digested YIp5 (4). Plasmid pRG131-1 was constructed by subcloning the 6.3-kb XhoI fragment from pRG126-2 into Sall-digested YIp5. Plasmids pRG147-1 and pRG148-1 were constructed by subcloning the 2.8-kb Clal-HindlIl fragment from pRG127-1 into ClaI-HindIII-digested YIp5 and YCp5O, respectively. Plasmid pRG158 was constructed by complete digestion of pRG131-1 with ClaI, followed by ligation and recircularization. Plasmid pRG165-1, containing only part of the HOLI-1-101 gene but containing the HOLI-101 mutant site, was constructed by digesting pRG147-1 to completion with EcoRI, followed by ligation and recircularization. Plasmid pRG166-1, containing a 600-base-pair (bp) deletion within the HOLI-1-101 gene, was constructed by complete digestion of pRG147-1 with KpnI, followed by ligation and recircularization.
Genetic mapping. Standard linkage values were derived from tetrad data by using the equation x (Fig. 3) . A striking difference in histidinol uptake was observed between HOLI and holl cells. HOLI-1 cells showed significantly higher rates of histidinol uptake than wild-type holl cells (Fig. 3, inset) . In addition, the HOLI-101 second-site mutation further increased the rate of histidinol uptake by HOLI (Fig. 4) . YPD (Fig. 7) , demonstrating that HOLI-1-101 hypersensitivity to Na' was due entirely to increased uptake rather than decreased efflux of this ion. These results suggest that during growth, wild-type cells normally take up very little Nat. Indeed, yeast cells grow well in medium that is virtually sodium free (16) . (Table 1) . Among 131 tetrads, 10 were tetratype with respect to the HOLI-1 and Iys9 markers. Nine HOLI-1-lys9 tetratype asci were parental ditype, and one was tetratype for the pet494-lys9 marker pair. Five tetrads were tetratype for the pet494-lys9 marker pair. Four of the pet494-lys9 tetratype asci were parental ditype, and one was tetratype for the lys9-HOLI-I marker pair. These results are consistent with the order pet494-lys9-HOLI-1. The genetic distance between cenXIV and the pet494-lys9 marker pair and their order with respect to cenXIV are taken from Mortimer and Schild (14 (Fig. 8) . Transformation of a Ura-Holrecipient (R757) with pRG148, an autonomously replicating plasmid containing a 2.8-kb HindIII-ClaI fragment from pRG120-7, resulted in a Ura' Hol2+ phenotype. A map of the relevant restriction endonuclease sites within the cloned insert from pRG120-7 is presented in Fig. 8 .
HOLIl-and HOLI-101 mutations are separable by recombination. The HOLI-101 mutation increased the ability of HOLI-1 cells take up histidinol and sodium. We were interested in determining what phenotype, if any, the HOLI-101 mutation produces without the HOLJ-J mutation. The strategy we used to generate strains containing only the HOLI-101 mutation was to integrate a plasmid carrying the HOLI-1-101 double mutation at the wild-type holl locus, resulting in a heterozygous duplication, and then isolate plasmid-free mitotic segregants that evicted the HOLI-J mutation but retained the HOLI-101 mutation. Transformation of strain R757 (Ura-Hol-) with integrative plasmid pRG131 carrying the HOLI-1-101 gene resulted in several phenotypes. Among 35 Ura' transformants, 15 were Hol-, 6 were Hol', and 13 were Hol2". One transformant exhibited stronger growth on 0.25 mM histidinol than did the parental HOLI-1-101 mutant and was designated Hol3". The occurrence of Hol' transformants was consistent with the possibility that integration of pRG131 yielded chromosomal duplications in which the HOLI-1 and HOLI-101 mutant loci had been separated if the HOLI-1-101 mutation by itself had no effect on histidinol uptake. Several possibilities could explain the phenotype of the single Hol3+ transformant (R757/131/11): homozygosity at either the HOLI-1 site or the HOLI-101 site, homozygosity at both sites, or integration of multiple copies of pRG131. Surprisingly, when plasmid-free segregants from the Hol3+ transformant were obtained by selecting for resistance to 5-fluoro-orotic acid (2), 2 of 10 segregants were Ura-Hol-, indicating that the Hol3+ transformant was not homozygous for the HOLI-1 mutation.
Genetic recombination tests were performed with one of the Hol-mitotic segregants of the Hol3+ transformant to determine whether it harbored the HOLI-101 mutation. The Holsegregant (R757/11-1) was crossed with HOLI-1 (R658) and holl (R757), and the resulting diploids were tested for the ability to produce Hol2+ recombinants following UV irradiation. In these experiments, the putative HOLI-JOJIHOLI-1 diploid cultures gave rise to Hol2+ colonies at high frequency (10-4 to 10-3), whereas the putative HOLI-JOl/holl diploids and control HOLI-liholl and holliholl diploids failed to give rise to any Hol2+ colonies. These results indicate that Hol-segregant R757/11-1 harbors only the HOLI-101 mutation. Since the HOLI-101 single mutant cannot grow on histidinol (2.5 mM) and is not hypersensitive to Na+ or Li', we conclude that HOLI-101 enhances the ability to take up these ions only in combination with HOLI-1. These results are also consistent with the interpretation that HOLI-101 is a second-site mutation within holl.
Deletion of the holl gene. Deletion of a 600-bp KpnI fragment from within the functional HOLI-1-101 gene was constructed in vitro (Materials and Methods), and the resulting plasmid (pRG166-1) was used to construct a HOLI-1-101 URA3 hollA duplication by integrative transformation of a HOLI-1-101 recipient yeast strain (R855). Ura-segregants resulting from loss of the integrated plasmid (and one of the duplicated HOLI regions) were obtained by selection for resistance to 5-fluoro-orotic acid. The recovery of UraHol-segregants signalled loss of the functional HOLI-1-101 allele in these experiments. Southern analysis confirmed that the Hol-segregants carry the deletion. The 600-bp KpnI fragment from the holl gene was purified from plasmid pRG178-1 (Fig. 8 ) and used to probe Southern blots of digested genomic DNA from the HOLI-1-101 (R855) parental strain and one of the Ura-Hol-segregants (R890). The autoradiogram in Fig. 9 demonstrates that Ura-Hol-segregant R890 contains the hollAl mutation.
Isogenic holl, HOLI-1-101, and hollAl strains (R757, R855, and R890) were assayed and compared for the ability to transport 22Na+ from the medium (Fig. 6) hollAl cells took up very little of the ion. 22Na' efflux from hollAl and holly cells was indistinguishable (Fig. 7) . Similar experiments that measured ["4C]histidinol uptake demonstrated that the holAl and holly strains exhibited indistinguishable phenotypes (data not shown). Since the hollA mutation was generated in a HOLI-1-101 cell, the resultant loss of histidinol and Na' uptake suggests that hollA is a null allele. The viability of hollA cells, therefore, indicates that holly is likely to be a nonessential gene in S. cerevisiae.
Mapping of HOLI-I and HOLI-101 mutant sites. To define more precisely the location of HOLI-I and HOLI-101, we performed recombination experiments using different DNA fragments derived from the cloned HOLI-1-101 gene (see Materials and Methods). Transformation of a holly strain (R757) with KpnI-digested plasmid pRG165-1 gave rise to over 300 Ura' transformants, all of which retained the parental Hol-phenotype. These results suggested that the 1.5-kb EcoRI-HindIII fragment carried on pRG165-1 does not carry the HOLI-1 allele. Indeed, when plasmid pRG166-1, containing all of the HOLI-J-101 gene except the 600-bp KpnI segment, was used to transform strain R757, Hol-, Hol+, and Hol2" transformants were obtained with roughly equal frequency. These results indicated that the HOLI-J mutation lies within the 1.5-kb ClaI-KpnI region carried by pRG166-1. These recombination experiments could not discern whether the HOLI-101 mutation lies within the 800-bp ClaI-KpnI segment or the 1.5-kb EcoRI-HindIII segment of the gene. To determine the location of the HOLI-101 muta-VOL. 10, 1990 on One possibility suggested by our results is that holly encodes an endogenous Na+ transporter. The comparable rate of Na+ efflux from holly and HOLI-1-101 cells and the greatly increased rate of Na' influx in HOLI-1-101 cells strongly suggest that transport of this ion by mutant cells is active and directional. Although Na+ is not an essential ion for S. cerevisiae, the function of a Na+ transporter has been clearly established: Na' can replace a significant amount of the cellular K+ when yeast cells are grown in Na+-rich medium containing low concentrations of K+ (1). In fact, when both ions are present, the sum of the intracellular K+ and Na+ concentrations is roughly constant (1, 18 KLA1. The phenotypes of each of the HOLI mutants we examined are consistent with the interpretation that HOLI-1 mutations either reduce the specificity of this hypothetical ed HOLI-J recipient strain R657 with transporter or vastly increase its rate of transport. Our 165-1 (Fig. 8) . Of 61 transformants, 59
results suggest that both of these possibilities are correct. phenotype, demonstrating the presence The positive effect of the HOLI-101 mutation on the HOLI-J of the HOLI-101 mutation on the 1.5-kb EcoRI-HindIII fragment carried by this plasmid. The results of these recombination experiments demonstrate that the HOLI-J and HOLI-101 alleles lie on opposite sides of the KpnI segment. Preliminary DNA sequencing studies indicate that the holllW mutation lies within the coding region of the gene between HOLI-J and HOLI-101 (unpublished data). DISCUSSION Selection for mutants that can utilize histidinol as a source of histidine resulted in mutations that reside exclusively at the holly locus. Mutations at holly confer transport (uptake) of histidinol across the plasma membrane. Spontaneous mutations at holly, e.g., HOLI-J, that allow uptake of histidinol occur at a frequency of less than 10-8. Second-site mutations linked to the holly locus, e.g., HOLI-101, that confer growth on lower concentrations of histidinol can occur only in the background of a HOLI mutation.
The simplest explanation for the acquisition of the ability to grow on histidinol is that our mutations in the holly gene alter the specificity of an ion transporter in such a way that it gains the ability to transport histidinol as well as several other cations. This explanation is consistent with both the genetic and physiological analyses of the Hol+ mutants. allele and the inability of the HOLI-101 mutation by itself to confer sodium or histidinol uptake suggest that HOLI-1 alters ion transport specificity and that HOLI-101 increases the rate of transport. Alternatively, holl might encode a positive regulator of one or more ion transporters. If holl is indeed the structural gene for an ion transporter, molecular analysis of HOLI alleles that alter transport specificity presents a unique opportunity to determine the relationship between its structure and function. 
